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Abbildung 6.12: Die Messung des Strahlprofils während der Injektion auf einer kürzeren
Zeitskala zeigt, dass die auftretenden Instabilitäten die Anregung und
das anschließende Dämpfen einer Oszillation mit zeitlich variierender Fre-
quenz bedeuten.

Abbildung 6.13: Das Auftreten der in den Abbildungen 6.11 und 6.12 gezeigten Instabilitä-
ten kann wegen der starken Selbstanregung zu Verlusten von Elektronen
führen und bewirkt so eine geringere Injektionsrate. In dieser Messung
kann beobachtet werden, wie ein Großteil der Elektronen durch die An-
regung verloren geht.
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Micro-bunching instability

2

Complex and nonlinear dynamics in longitudinal phase space

Can lead to bursts of very intense, coherent synchrotron radiation  

 Observation of, e.g., 
longitudinal bunch profiles [“direct”] 
emitted (coherent) radiation [“indirect”]

Relevant timescales:
bunch length
dimension of micro-structures
distinguish between individual bunches
follow bursting behavior
observe slow changes (e.g., with current)

 Diagnostics requirements: 
high resolution (ps) - high rate (500 MHz) - long term observation (secs - hrs)
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Longitudinal phase space

Micro-bunching instability: 

3

RECONSTRUCTION OF ELECTRON BUNCH MOTION DURING CSR

BURSTS USING SYNCHRONISED DIAGNOSTICS

I.P.S. Martin, C. Bloomer, L.M. Bobb, A. Finn, G. Rehm, Diamond Light Source, Oxfordshire, U.K.
R. Bartolini, Diamond Light Source, Oxfordshire, U.K.

John Adams Institute, University of Oxford, U.K.

Abstract

Above a certain threshold current, electron bunches be-
come unstable and emit bursts of coherent synchrotron ra-
diation (CSR). The character and periodicity of these bursts
vary with bunch current, RF voltage and lattice momentum
compaction. In this paper we describe recent measurements
taken at Diamond of how the electron bunch longitudinal
profile and energy vary during a burst, and correlate this
with CSR emission at a range of wavelengths.

INTRODUCTION

The onset of microbunching instabilities in storage rings
is a well known phenomenon [1, 2]. These occur when the
current stored in an electron bunch exceeds a certain thresh-
old value, at which point the interaction of the bunch with its
own wakefields is sufficiently strong to cause density mod-
ulations to occur within the bunch. These in turn increase
the amplitude of the wakefields, giving rise to an instability.
For a given storage ring, the current threshold is found to
vary both with RF voltage and momentum compaction.

In recent years the subject of CSR-driven microbunch-
ing has received considerable attention due to its detrimen-
tal effects both in rings and in linac bunch compressors
[3–9]. In the case of rings, this attention has been mainly fo-
cussed on rings with positive momentum compaction, with
little experimental evidence for negative momentum com-
paction lattices. Such data would provide a useful bench-
mark against which numerical simulations could be com-
pared [10], as well be valuable for its wider academic in-
terest. It is also of particular relevance for Diamond Light
Source, as the ring is regularly operated in a negative low-
alpha configuration for the generation of both coherent THz
radiation and short x-ray pulses [11].

In this paper we describe recent measurements taken at
Diamond Light Source in low-alpha mode that characterise
the electron bunch motion during CSR bursts. These are
correlated with mm-wave emissions recorded using a selec-
tion of Schottky Barrier Diodes, thus giving further insight
into the underlying electron beam dynamics.

CSR BURST DETECTION

The microbunching instability primarily affects the longi-
tudinal phase space of the electron bunch. As such, the most
important observables to measure are the electron bunch
length, bunch arrival time and bunch energy. Ideally one
would also like to measure the internal bunch structure and
energy spread during a burst; however, this is not yet possi-
ble using the diagnostics available at Diamond.
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Figure 1: Streak camera image capturing CSR bursts for
α1 = −4.6 × 10−6, VRF = 3.4 MV, Ibunch = 39.5µA.

The electron bunch length and arrival time is recorded
using an Optronis dual-sweep streak camera [12]. In recent
years, the performance of this camera at Diamond has been
optimised by the introduction of a fully reflective front-end
optics and pinhole located upstream of the camera, along-
side a post-processing of the recorded images by deconvolv-
ing them with the measured point-spread function [13]. An
example of one such measurement is shown in Fig. 1.

The electron bunch energy is measured indirectly using
the turn-by-turn BPM system. During a burst the electron
bunch loses energy to the radiation field, causing it to un-
dergo coherent synchrotron oscillations. This energy devia-
tion can be measured from the transverse offset at positions
of high dispersion, assuming the dispersion amplitude is
known. The picture is slightly complicated by the presence
of additional betatron oscillations. However, by averaging
across BPMs of similar dispersion, and by filtering out the
high-frequency betatron contributions, the mean energy de-
viation of the bunch can be recovered.

Whilst it is not possible to directly observe the internal
structure of the electron bunches at Diamond, the detection
of the accompanying CSR bursts using Schottky Barrier
Diodes (SBDs) serves as a useful proxy. The detectors used
during these measurements have sensitivity bandwidths of
33-50 GHz, 60-90 GHz, 90-140 GHz, 140-220 GHz, 220-
330 GHz, 330-500 GHz and 500-750 GHz. These frequen-
cies correspond to periods in the range 1.3-30 ps, and the
detectors at the higher frequency end of the range in particu-
lar should be sensitive to sub-structure appearing within the
electron bunch. The SBD array used during these studies is
described in more detail in a companion paper [14].
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Indirect observation:
emitted THz radiation

4

FFT of THz signal as a function of bunch current

THz signal

V. Judin et al., IPAC2010, WEPEA021
characteristics

27k 350/350kV fs=10.3kHz

Figure spectrogram - vertical (dotted) line fs=10.3kHz

Introduction Bursting Interaction between bunches Conclusion

M. Brosi (miriam.brosi@kit.edu), M. Caselle, V. Judin, A.-S. Müller, N. Smale, J. Steinmann –
Bursting of coherent synchrotron radiation November 20th, 2013 9/13
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Classification of techniques - a try

5

THz techniques
time domain

spectrograms and 
information extracted 
from them
“finger print” of instability

THz techniques
frequency domain

signature of sub-structures
single-shot acquisition of 
radiation spectrum maps 
bunch dynamics

EO techniques
far field

detect photons from emitted 
THz pulse
measure ‘wake fields’ (EOS) 
and bunch profiles (EOSD)

EO techniques
near field

directly detect bunch field
measure wake fields (EOS) 
and bunch profiles (EOSD)



Institute for Beam Physics and TechnologyA.-S. Müller - Microbunching Measurement Techniques in Storage RingsIBIC‘2016, 13 September 2016

Classification of techniques - a try

5

THz techniques
time domain

spectrograms and 
information extracted 
from them
“finger print” of instability

THz techniques
frequency domain

signature of sub-structures
single-shot acquisition of 
radiation spectrum maps 
bunch dynamics

EO techniques
far field

detect photons from emitted 
THz pulse
measure ‘wake fields’ (EOS) 
and bunch profiles (EOSD)

EO techniques
near field

directly detect bunch field
measure wake fields (EOS) 
and bunch profiles (EOSD)

➜



Institute for Beam Physics and TechnologyA.-S. Müller - Microbunching Measurement Techniques in Storage RingsIBIC‘2016, 13 September 2016

THz detectors - example ANKA

6

Nicole.Hiller@kit.edu - Short-Bunch  Diagnostics at ANKA & FLUTE
PSI 24th April, 2014

8

Fast THz Detectors

Quasi-optical
broadband detector

room temperature

response time <200ps

50 GHz up to 1 THz

based on schottky diode

ACST (acst.de)

Hot Electron
Bolometer (NbN)

cryogenic (LHe)

response time <165ps

200 GHz up to 4 THz

high sensitivity

YBCO detector

cryogenic (LN2)

response time <15ps

30 GHz up to 2.5 THz

(KIT - IMS)

J. Raasch [1]

Resolve intensity of each bunch (minimal bunch spacing 2 ns)
[1] Thoma, P.; Raasch, J.; et al.; IEEE Trans. Appl. Supercond., vol.23, no.3, pp.2400206,2400206, June 2013

M. Brosi (miriam.brosi@kit.edu) – Online Burst Analysis of Coherent THz Radiation at ANKA March 31th, 2014 14/10

Courtesy of M. Brosi 

[2] Yu.P. Gousev, G.N. Gol’tsman, A.D. Semenov et al. Broadband ultrafast superconducting NbN detector for electromagnetic radiation.       
     J. Appl. Phys., 75:3695, 1994.

[2]DLR

courtesy M. Brosi
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From THz signal to spectrogram

Detector: must resolve bunches with a bunch spacing of 2 ns
e.g., zero-biased quasi-optical Schottky barrier diode

7

Micro-bunching instability - bursting

bursting threshold

Miriam Brosi (miriam.brosi@kit.edu) – Systematic Studies of Short Bunch-Length Bursting at ANKA July the 15th, 2016 1/3

M. Brosi et al., IPAC 2016, TUPOR006

Systematic Studies of Short Bunch-Length Bursting at ANKA*
M. Brosi** (miriam.brosi@kit.edu), E. Blomley, E. Bründermann, N. Hiller***, B. Kehrer, M. Schedler,

P. Schönfeldt, M. Schuh, J.L. Steinmann and A.-S. Müller

KIT – The Research University in the Helmholtz Association www.kit.edu

er
at
ro
ni
cs

* Funded by the German Federal Ministry of Education and Research (Grant No. 05K13VKA) & Initiative and Networking Fund of the Helmholtz Association (contract number: VH-NG-320)
** Miriam Brosi would like to acknowledge the financial support by the Helmholtz International Research School for Teratronics (HIRST) *** now at PSI, Villigen, Switzerland

g Motivation g

Challenge:
Short bunch operation mode

Reduced bunch length (a few ps)

Emission of Coherent synchrotron radiation (CSR)

Coherent synchrotron radiation acts back on electrons
! Substructures in longitudinal charge density
! Micro-bunching instability
! Bursts of CSR emission in THz frequency range THz intensity fluctuates over turns.

Method:
Fast THz detectors
! Resolve THz pulses with

2 ns spacing
! Narrow- and broad-band

detectors

Multi-bunch data acquisition system

Goals of investigations:
Measure fluctuations of emitted THz radiation

Map dependency on machine settings

Investigate spectral characteristics

Understand longitudinal particle dynamics

Comparison with theoretical predictions

g Fast THz detectors g

Zero-biased quasi-optical Schottky barrier diode:

Manufacturer:
ACST GmbH
Sensitivity range:
50GHz - 2THz

Typical NEP:
6 pW/Hz1/2 @ 100GHz
100 pW/Hz1/2 @ 1THz
4GHz analog BW:
Pulse FWHM: 130 ps

) Fast enough to resolve bunches with a bunch spacing of 2 ns.

g DAQ: KAPTURE g

KArlsruhe Pulse Taking and Ultrafast Readout Electronics

M. Caselle et al., IPAC2014, Dresden, THPME113.

Simultaneous monitoring of all 184 buckets

Continuous turn-by-turn read-out of each
bucket (500 MHz) -> 32 Gb/s

Four sampling channels with 12 bit ADC each

Adjustable delay for each channel in 3 ps steps

Local sampling rate up to 300 GS/s

Alternative: read out multiple detectors
simultaneously

New possibilities in diagnostics

g Measurement method: snapshot measurements g

Snapshot measurement in multi-bunch fill
! one second
! limited current resolution

Full current decay of one bunch
! several hours
! high current resolution

Measurements taken with same machine settings at different days. (adapted from [2])

Summary
Short bunch-length bursting: second region of longitudinal micro-bunching instability at ANKA
Occurs in short bunch operation mode for ac  2.64 ⇥ 10�4 and a high RF voltage
resulting in a natural bunch length sz,0  0.723mm =̂ 2.43 ps
Measurements agree with observations in simulation by [1]
Snapshot measurements are a fast and efficient method for systematic studies of the bursting

References
[1] K. L. F. Bane and Y. Cai and G. Stupakov, Phys. Rev. STAB, 2010, Vol. 13, Nr. 10.
[2] M. Brosi and J. L. Steinmann et. al., arXiv:1605.00536.

g Bunched beam theory g

Main instability threshold [1]: (SCSR)th = 0.5 + 0.12 P

with shielding parameter P =
sz,0R1/2

h3/2 (parallel plates with spacing 2 h)

and CSR strength SCSR =
InR1/3

s4/3
z,0

with normalized current In =
sz,0Ib

acgs2
d IA

ac =
E f 2

s 2p

fRF frev
q

e2V2
RF � U2

0

and sz,0 =
acsd
2p fs

g Short bunch-length bursting (SBB) g

Second region of instability occurs only for highly compressed bunches:

No SBB due to long bunch:
! sz,0 = 3.8 ps

SBB due to short enough bunch:
! sz,0 = 2.4 ps

g Results g

Snapshot measurement of low current region showing short bunch-length bursting (SBB):

Thresholds obtained by scan over different settings compared with prediction by [1]:

from ACST GmbH
(50GHz - 2THz)

M. Brosi et al., arXiv:1605.00536

ANKA
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The faster way: “Snapshot” measurements with 
the KAPTURE system

KAPTURE: KArlsruhe Pulse Taking Ultra-Fast Readout Electronics
Readout system compatible with: YBCO, HEB, and Schottky diode detectors
Pulse amplitude and arrive time measurements with 
“mv” and “ps” accuracy
Simultaneous acquisition of all buckets turn-by-turn 
in streaming mode
Continuous acquisition for long observation time. 
Real-time data evaluation by GPUs

8

Frequency behaviour of CSR @ different bunch current 

CSR fluctuation (time domain) 

With YBCO detector 

Sampling points 

S1 

S2 

S3 

S4 

Pulse rate @ 500 MHz 

Spectrogram analysis  

(10 – 15 hours)  

KAPTURE - Basic concept 

Terahertz pulse 
from detector 

courtesy M. Caselle
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KAPTURE v2: compact+high sampling rate design
Target design:

Very wide operating frequency from 0.2 to 3.5 GS/s per sampling channel (ANKA @ 1 GS/s)
Modular design for multiple KAPTURE connections ➜ to extend the sampling points over 4 
samples 
PCB size reduced by factor 2, two KAPTURE connected to one readout card
Form factor mechanically/electrically compatible with µTCA system 

9

KAPTURE V. 1 

40 ps 40 ps 

2 ns 

Terahertz pulses No baseline sampled 

KAPTURE V. 2 

40 ps 40 ps 

1 ns 

Terahertz pulses 

1 ns 

Baseline sampled 

Fast ADC (up to 3.5 GS/s) 

RF connectors (50 GHz) 

Samtec connector 

Track/Hold  

courtesy M. Caselle
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KAPTURE – 2. PCB technology 

10

16 metal layers  
RF substrate Roger 4003 

CPW transmission lines  

PWs/GNDs 

First prototype will be ready: 
mid of September  

Wideband transmission lines 

Front-end electronics 
SiGe technology 

Fast ADC up to 3.2 GS/s 

Samtec FMC connector Jitter cleaner PLL (123 fs) 

High-speed clock Fanout 
SiGe technology 

Picosecond delay chip 
SiGe technology 

courtesy M. Caselle
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From THz signal to spectrogram with KAPTURE

Cover beam current range with special 
filling pattern
read out each bunch’s time signal with 
KAPTURE

11

Snapshot measurement with KAPTURE

(Talk M. Caselle)
Measure for one second with special filling pattern:

Miriam Brosi (miriam.brosi@kit.edu) – Systematic Studies of Short Bunch-Length Bursting at ANKA July the 15th, 2016 2/3

M. Brosi et al., IPAC 2016, TUPOR006
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From THz signal to spectrogram with KAPTURE

FFT for each bunch’s signal:

12

ANKA

Snapshot measurement with KAPTURE

(Talk M. Caselle)
Fourier transform:

Miriam Brosi (miriam.brosi@kit.edu) – Systematic Studies of Short Bunch-Length Bursting at ANKA July the 15th, 2016 2/3

Snapshot measurement with KAPTURE

(Talk M. Caselle)
Measure for one second with special filling pattern:

Miriam Brosi (miriam.brosi@kit.edu) – Systematic Studies of Short Bunch-Length Bursting at ANKA July the 15th, 2016 2/3
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From THz signal to spectrogram with KAPTURE

Sorted by bunch current:

13

Snapshot measurement with KAPTURE
(Talk M. Caselle)

Sorted by bunch current:

Miriam Brosi (miriam.brosi@kit.edu) – Systematic Studies of Short Bunch-Length Bursting at ANKA July the 15th, 2016 2/3

M. Brosi et al., IPAC 2016, TUPOR006

Snapshot measurement with KAPTURE

(Talk M. Caselle)
Measure for one second with special filling pattern:
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Snapshot measurement with KAPTURE

(Talk M. Caselle)
Fourier transform:
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Classification of techniques - a try

14

THz techniques
time domain

spectrograms and 
information extracted 
from them
“finger print” of instability

THz techniques
frequency domain

signature of sub-structures
single-shot acquisition of 
radiation spectrum maps 
bunch dynamics

EO techniques
far field

detect photons from emitted 
THz pulse
measure ‘wake fields’ (EOS) 
and bunch profiles (EOSD)

EO techniques
near field

directly detect bunch field
measure wake fields (EOS) 
and bunch profiles (EOSD)

✔
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Single-shot spectrometer

Multi-band mm wave detectors
Measurements at DIAMOND LS 

15

A. Finn et al., IPAC 2016, MOPMR036
A. Finn et al., IPAC 2015, MOPTY080

Figure 1: Layout of Detector Array Plate.

around the revolution frequency is investigated as it has a
much better signal-to-noise ratio than the data around the
DC component.

The DDC was carried out as follows within MATLAB:
the DC component is removed by subtracting the mean of
the signal from the original; the entire spectrum is frequency
shifted using eiωr t , whereωr is the revolution frequency, so
that the region of interest (around 533.820 kHz) is at the start
of the spectrum and finally the spectrum is low pass filtered
to 16.6 kHz and then decimated. Using the sensitivity values
for each of the detectors [6, 7], the signal can be depicted in
terms of power.

MBI OBSERVATIONS

As mentioned above, MBI are most common in low alpha
mode, due to the longitudinal compression of the bunch.
The data presented here were obtained when the storage ring
was set to a range of α with only a single bunch present in
the ring. By having only a single bunch in the ring, it allows
the SBD array to observe what happens to the bunch with
every revolution around the ring.

Three cases of the data are presented here, they were cho-
sen for the maximum values of bunch currents for each of the
low alpha occurrences; 24 µA, 56 µA and 100 µA. Each case
is with ‘a single bunch’ and are at three different negative val-
ues for the momentum compaction factor: α = −2.4 × 10−6,
α = −4.5 × 10−6 and α = −9.9 × 10−6 with each value of
α having an associated synchrotron frequency, fs = 330 Hz,
fs = 460 Hz and fs = 675 Hz, respectively. For a period of 10
ms, the time evolution of the bursting for each SBD is shown
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Figure 2: Time evolution of the bursting in each case.

in Fig. 2. It can be clearly seen that the SBD for the 60-90
GHz band (red) observes the most signal. The low signals

Proceedings of IPAC2015, Richmond, VA, USA MOPTY080
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Single-shot spectrometer

Zooming into the bursts
Different behavior in different 
frequency ranges

16
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board. This board can take one sample point every 2 ns synchronized to the accelerator with
up to 4 channels . This enables us to take turn-by-turn data of all buckets in multi-bunch
mode only limited by the storage capacity. From previous measurements we know that the
fast dynamics of the synchrotron can be reconstructed when only measured every 10th turn.
The change of bursting behavior however can be described very precisely by one measurement
every ten seconds. To reduce the amount of data taken we only saved every 10th turn for
about one second and then again after ten seconds. The WR5.1 Schottky (200GHz) has been
connected to ADC0 and WR2.2 (400GHz) to ADC2. A picture of the setup can be seen in
Figure 2

Figure 2: Setup of the experiment at Infrared1 beamline

3 Machine Conditions

FillNr. 5005
Energy 1.3GeV
VRF 330/350 kV
fs 9.6 kHz
Mode Multibunch
Current 37mA
Squeeze 27 k

By changing the optics of the accelerator we can squeeze the bunch
to get shorter bunch lengths. To re-establish the same machine con-
ditions we save the squeeze steps the machine did where a higher
number means shorter bunches. The exact bunch length is depen-
dent on several additional parameters and has to be measured with
the streak camera to get reliable values. We set the experiment up
with 23k squeeze steps and an RF voltage of 340/350 kV per cav-
ity, which leads to a synchrotron frequency of 14.4 kHz. Because
we were near the bursting threshold, we squeezed to 27k steps and started the measurement
with a synchrotron frequency of 9.6 kHz. The overall beam current after squeezing to 27k
steps was 37mA. A decay of all buckets was then recorded. A filling pattern measured by
the Bunch-by-Bunch (BBB) feedback system is shown in Figure 3. Filled were four trains
with di↵erent bunch currents. The idea of this filling pattern is to have a lot of di↵erent
bunch currents at the same time that can be observed simultaneously. Following analysis is
exemplified being done at the highlighted bucket number 122.

2
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Fig. 1 Design of the double-slot antenna used in previous designs of the array (a) in comparison to the new high-impedance design (b) with RF-choke and 
detector bridge (inset). The thin film layers are clearly visible in front of the darker substrate material. The slot length has  been  reduced  from  λ  to  λ/2.The  
pictured antenna has a design frequency of 350 GHz. Also shown is an overview of the full 3 mm by 3 mm four-element array with the gold layer pictured in 
black color (c) and a detector block with individual broadband readout lines for the four detectors (d). 

 

 
Fig. 2 Simulated reflection parameters |S11| for 140 GHz (squares), the 
350 GHz (circles), the 650 GHz (upward triangles) and the 1.02 THz antenna 
(downward triangles) in the array. All antennas show good matching at the 
intended design frequency. 

 

In [6], a double slot antenna design with a length of the 
antenna arm l1 of  one  wavelength  λ  and  an  arm  spacing  w1 of 
less   than   λ/2  has been used (Fig. 1a) resulting in a real 
antenna impedance of about 50 Ω. The decrease in detector 
bridge size leads to an increasing normal-state resistance 
upwards of 100 Ω   and   thus   an   increasing   mismatch   that  
counteracts the higher detector sensitivity gained by the 
smaller dimensions. 

A new antenna design has been developed and optimized to 
overcome this challenge. Fig. 1b shows a scanning-electron 
microscope image of this design. A smaller slot length l2 of 
λ/2  has  been  chosen  to  achieve  a high slot impedance. In order 
to retain this high impedance at the position of the detecting 
element, while also maintaining an optimum distance between 
the two slots w2, the coplanar waveguide between slot and 
detector   has   a   length   of   λ/2   and   is   curved   with   the   detector  
bridge moved out of the center of the slots. The addition of RF 
chokes ensures proper isolation between the detector and the 
readout path at the antenna frequency. 

The antennas have been simulated and optimized with the 
transient domain solver of CST Microwave Studio [10]. 
Table 1 gives the optimized parameters as well as the 
calculated -10 dB bandwidth for the four antennas. Fig. 2 
shows the simulated reflection parameters |S11| for a perfect 
match to a real impedance for the four antennas. The optimum 
antenna impedance varies from 300 Ω to 350 Ω.   The  
simulations showed good matching and narrowband behavior 
at the intended design frequencies for a broad range of 
detector impedances from 200 Ω  up  to  450 Ω.   

The extended transformation length between the antenna 
slot and the detecting element compared to the standard 

double-slot design decreases the antenna bandwidth. As a 
narrow bandwidth of the antenna is one of the main design 
goals for an array for spectroscopy, this is an additional 
benefit of the new design. It creates the possibility to increase 
the resolution of the array by increasing the number of array 
elements with smaller overlap in the frequency range of the 
detectors. Also crosstalk is reduced which allows for smaller 
element spacing. The full 3 mm by 3 mm design of the new 
optimized array is shown in Fig. 1c). 

III. DETECTOR FABRICATION 
High-quality YBCO thin films are grown by pulsed-laser 

deposition (PLD). Epitaxial growth is assured through 8 nm 
CeO2 and 25 nm PrBa2Cu3O7-x (PBCO) buffer layers [11, 12]. 
The 25 nm thick YBCO film is sandwiched between the buffer 
layers and a 25 nm PBCO capping layer acting as protection 
during patterning. In-situ deposition of a 20 nm thin gold film 
ensures good contact resistances between the antenna and 
coplanar readout design in the gold layer and the YBCO 
detecting element. Further 180 nm of gold were deposited ex-
situ using DC magnetron sputtering. The sputtered films 
exhibit significantly improved homogeneity of the film 
thickness and allow for reproducible etching due to the smaller 
granular structure as compared to PLD grown gold films. 

The sub-µm size of the detecting elements was achieved 

TABLE I 
Optimized antenna parameters 
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mainly horizontally polarized, therefore the array was 
mounted accordingly in the detector block.  

An Agilent DSA-X 93204A real-time oscilloscope with a 
usable bandwidth of 16 GHz was used to read out the four 
elements of the array. All measurements were conducted with 
a cryostat temperature of 80 K. 

Fig. 5 shows the averaged detector signals for all four 
elements of the array simultaneously recorded for the single 
bunch in the filling pattern. The delay between the individual 
elements is due to differences in the length of the individual 
readout paths. The detector’s response for all four detectors 
shows a fast component in the ps-range typical for YBCO 
detectors in combination with the sub-gap excitation in the 
THz range and a slower bolometric tail due to the bias current. 
The response time in this experiment is limited by the 16 GHz 
readout bandwidth of the oscilloscope. 

The frequency response of the 650 GHz element in the 
array has been investigated for pulsed radiation in two 
different ways, see Fig. 6. In the first measurement THz 
bandpass filters with different center frequencies were placed 
in front of the cryostat. These bandpass filters are based on 
multi-layer frequency-selective surfaces and offer a filtration 
bandwidth of approx. 20 % FWHM [21]. The single-shot 
measurement data of the different filtered responses was 
averaged and the maximum plotted versus the frequency 
(squares, right y-axis). Here, the highest detector signal was 
measured with a filter matching the 650 GHz center frequency 
of the antenna. 

In a second experiment the array response was measured 
with a Bruker Vertex 80V Fourier Transform IR 
Interferometer (FTIR, solid line, left y-axis). To this end, the 
detection system was placed at one of the output windows of 
the FTIR with the pulsed radiation from the storage ring acting 
as the source. The maximum of the measured response is here 
shifted from 650 GHz to approximately 700 GHz. Also due to 
the higher resolution, additional peaks with lower signal level 
compared to the main peak are visible between 100 GHz and 

200 GHz and 800 GHz and 1 THz. A comparison between the 
data gathered from the FTIR measurement and the data from 
the single shot measurement show good agreement. The 
variations might be attributed to differences in the optical path 
between the two measurement positions and also the FTIR 
spectral resolution, which was set to 1 cm-1. 

V. CONCLUSION 
We have presented a new double-slot antenna design with 

good matching to the elevated normal-state resistances of the 
superconducting sub-µm YBCO detector bridges and an 
optimized array design for single-shot THz spectroscopic 
applications. Samples of the array were prepared with an 
improved fabrication process and characterized with DC 
measurements. Also measurements with pulsed radiation 
performed at Diamond Light source showed fast response time 
for all elements of the array and good agreement for the 
frequency response of the 650 GHz antenna between a single-
shot and a FTIR measurement. 
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Fig. 5 The single bunch in the Diamond Light Source filling pattern 
simultaneously measured with all array channels. Shown are the detectors for 
140 GHz (squares), 350 GHz (circles), 650 GHz (upward triangles) and 
1.02 THz (downward triangles). The delay between the individual pulses can 
be attributed to length differences in the readout path. Response time is 
limited due to the readout bandwidth of 16 GHz. The detector output signal 
has been averaged over 16000 samples. 

 

Fig. 6 Comparison of frequency characteristic measurements performed at 
the B22 MIRIAM beamline at Diamond Light Source for the 650 GHz array 
element. The solid line and left y-axis shows data from a measurement with a 
Bruker Vertex 80V FTIR spectrometer. The squares mark data points from 
averaged single shot measurements with the array in combination with 
different THz Bandpass filters at a measurement position before the input of 
the FTIR. The measurement is not normalized to the beamline spectral 
transmission. 
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THz techniques
time domain

spectrograms and 
information extracted 
from them
“finger print” of instability

THz techniques
frequency domain

signature of sub-structures
single-shot acquisition of 
radiation spectrum maps 
bunch dynamics

EO techniques
far field

detect photons from emitted 
THz pulse
measure ‘wake fields’ (EOS) 
and bunch profiles (EOSD)

EO techniques
near field

directly detect bunch field
measure wake fields (EOS) 
and bunch profiles (EOSD)

✔

✔
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Figure 2: Spectrum of the synchrotron radiation emitted
from the sliced electron bunch

the typical bipolar shape as shown in figure 1. One hump
contains the electrons which gained energy and the other
one the electrons which lost energy. Both are separated by
a dip from which the modulated electrons have been re-
moved. Due to the linear momentum compaction factor of
the SLS storage ring, this modulation smears out from turn
to turn and finally vanishes (see Fig. 5 for particle track-
ing simulations). For a comprehensive description of the
FEMTO slicing experiment at the SLS see [6, 7].

The spectrum of the synchrotron radiation (SR) emitted
by the sliced bunch is depicted in figure 2. The core bunch
generates incoherent SR, while the FEMTO-sliced parti-
cles radiate coherently at wavelength in the order of the
slicing length. Therefore the SR spectrum is coherently
enhanced in the THz range, where the radiation intensity is
proportional to the square of the number of emitting elec-
trons.

ELECTRO OPTICAL DETECTION
Electro optically active crystals like GaP become bire-

fringent in the presence of an electric field. Electro optic
detection techniques use this e↵ect to measure fast chang-
ing electric fields by sampling the change in birefringence
with short laser pulses. This techniques can be used to mea-
sure the temporal profile of electron bunches by sampling
their Coulomb field or the emitted coherent synchrotron or
transition radiation.

For small electric fields (up to MV/m), the EO e↵ect is
dominated by the Pockels e↵ect and linear with the elec-
tric field strength. For a properly oriented GaP crystal and
electric field direction, the two orthogonal polarized com-
ponents of a laser oriented along the principal axes of the
EO crystal receive a relative phase retardation of

� =
!d

c

(n1 � n2) =
!d

c

n

3
0r41ETHz , (1)

where ! is the angular frequency of the laser, d the thick-
ness of the EO crystal, and n1 and n2 are the refractive in-
dices along the principal axes. n0 is the refractive index
of the (isotropic) crystal at vanishing electric field, r41 its
electro optic coe�cient, and ETHz the applied electric field.

Figure 3: Scheme of the setup for EO sampling (EOS, left)
and spectrally decoded detection (EOSD, right)

With suitable optical elements this relative phase shift
or polarisation rotation can be transfered into an amplitude
modulation of the transmitted laser light. For all measure-
ment reported in this paper the setup and the electric field
strength were such that the change in transmitted laser light
is linear in the applied electric field strength.

Results from two di↵erent electro optical techniques are
reported in this paper: sampling using a variable delay
(Fig. 3, left) and single shot measurements using spectral
decoding (Fig. 3, right).

For the electro optical sampling (EOS) a short (⇡ 100 fs)
laser pulse is sent through the crystal in parallel with the
electric field pulse of the CSR and the relative delay for
consecutive laser pulses is changed to sample the longitu-
dinal profile of the THz field pulse. Since the profile is not
measured in a single shot, this technique is sensitive to fluc-
tuations of charge and profile as well as arrival time jitter
between CSR and the laser pulse.

Spectrally resolved electro optical decoding (EOSD) is
a single shot technique, where the broadband laser pulse is
stretched in a dispersive material or grating stretcher, re-
sulting in a known frequency vs. time relation. The laser
pulse is now longer than the THz field pulse and only a
part of the chirped laser pulse is modulated in the EO crys-
tal. This intensity modulation can be retrieved measuring
the spectrum of the laser pulse using a spectrometer. Due
to frequency mixing between the laser and the THz field
pulse, signal distortions become a problem for short pulses
and strongly stretched laser pulses. For the Yb doped fiber
laser used here significant distortions are expected for field
pulses shorter than ⇡ 300 fs (rms).

For a more comprehensive description of electro optical
detection techniques and theory see [3, 8].

EO-SETUP AT THE INFRARED
BEAMLINE

The measurements presented here were done at the in-
frared beamline [9] of the Swiss Light Source (SLS). The
2.4 GeV electron beam emits synchrotron radiation (SR) in
a 1.4 T dipole magnet. The SR is collected by a slotted
mirror over an angle of 61 mrad (corresponding to a source
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length of 350 mm) and transported over 9 m by three times
1 to 1 imaging optics to the experimental area outside the
accelerator bunker. At the experiment the SR is focused
by a 250 mm o↵-axis paraboloid mirror onto a 5 mm thick
GaP crystal (Moltech, Berlin), leading to a focal spot of
5-10 mm.

The EO probe laser is a self built amplified ytterbium
fiber laser system [5] synchronized to the SLS RF master
clock, delivering 10 nJ pulses at 1 MHz with a useful band-
width of about 120 nm centered at 1050 nm. Since FEMTO
slicing of the electron bunch is done with a independently
synchronized Ti:Sa laser, the laser to laser stability and the
relative jitter plays a decisive role for pulse length measure-
ments. This jitter determines how long the chirped laser
pulse has to be in order to ensure a temporal overlap. It can
be deduced from a cross correlation between the two lasers.
The relative jitter between the two lasers was measured to
about 50 fs (rms).

The Yb fiber laser pulses were chirped to about
100 fs (rms) in a grating compressor for the sampling and
7 ps (rms) for the SD measurements, respectively. They
were sent via a polarizer under a slight angle through the
GaP crystal. After passing the crystal the laser was directed
through a quarter waveplate, a half waveplate, and an ana-
lyzing polarizer to an optical fiber. All measurements were
done with the half waveplate 2-4 � away from crossed po-
larizer settings to ensure good linearity in the measured sig-
nals. For the EO sampling the pulses were detected by an
InGaAs photodiode (ET-3010, EOT) and the readout and
averaging was done by an oscilloscope. For EOSD a home
built spectrometer equipped with an InGaAs camera (An-
dor iDus490-1.7) was used.

RESULTS
Figure 4 shows EO sampling and EO spectral decod-

ing measurements for several round trips. The EO setup
is sensitive enough to detect up to turn 3 for sampling and
up to turn 2 for spectral decoding, respectively, which ac-
cording to beam tracking simulations is already a few ps
long, providing a much weaker THz signal than turn 0. For
EO sampling measurements the laser is delayed by a delay
stage in steps of 100 fs and each data point is averaged over
100 shots. The CSR is extracted at the infrared beamline,
which is located about three quarters of a round trip in the
SLS storage ring after the FEMTO slicing experiment.

Due to the SLS momentum compaction factor, the mod-
ulation is already several times longer than directly after
the laser interaction and it gets further broadened for ev-
ery additional turn, as seen in the simulated longitudinal
charge distribution of the sliced electron bunch shown in
figure 5 [10].

The signal from the dip in turn 0 has been measured to
510 fs (rms) and increases to about 800 fs (rms) at turn 3.
However, large fluctuations of consecutive shots at a single
EO sampling point in the central region of the bunch indi-
cate a significant timing jitter between the sampling laser

Figure 4: EO sampling measurements of turn 0 to 3 and
EO spectral decoding measurements of turn 0 to 2

Figure 5: top: Charge distribution of the sliced bunches
from turn 0 to turn 3

and the sliced electron bunch. In order to reduce these ef-
fects, single shot measurements were performed for turn0,
1 and 2 using EO spectral decoding.

The pulse length determined from a single shot measure-
ment is 365 ± 50 fs (rms), which is clearly shorter than
it has been determined to 510 fs (rms) from EO sampling
measurements for turn 0. Large fluctuations in the arrival
time of the sliced electron bunch could be measured with
EOST resulting in a jitter of 330 fs (rms) for 500 shots,
which leads to a significant distortion and a correspond-
ing broadening of the sampling results. Although a clear
source for this comparatively large arrival time jitter at the
IR beamline could not be identified so far. Amplitude and
phase jitter of the storage ring RF, timing distribution as
well as mechanical vibrations in the IR beamline are major
suspects.
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ANKA: asynchronous sampling
continuous dynamic feedback from the ring current has to be
used to correct for drifts in repetition rate and for dynamic
excitations with the synchrotron frequency.

In this communication we show that, by using a high-
frequency femtosecond oscillator and establishing a feedback
control at the 2.5 GHz overtone of the repetition frequency, a
high precision of the synchronization can be achieved. By
additionally introducing the asynchronous sampling tech-
nique, a very sensitive detection of the electro-optical (EO)
modulation owing to the THz field from the synchrotron is
possible, as well as a time-resolved experiment in the X-ray
range.

2. Set-up

The goal of the set-up is to use the full repetition rate of
500 MHz in order to obtain a high signal-to-noise ratio for the
THz-field sampling and for detection of laser-induced lattice
changes in the photo-excited samples. The peak brightness in
the X-ray regime suffers from the reduction of the electron
energy from 2.5 GeV to 1.3 or 1.6 GeV and a lower ring
current. This makes a low-repetition-rate experiment unfa-
vorable. The central demand for a high temporal stability of
the laser source is achieved by using a Ti:sapphire oscillator
(Gigaoptics, 2 nJ pulse energy, 800 nm center wavelength,
50 fs pulse length) at the synchrotron repetition rate. Its
frequency is stabilized by means of a fast feedback loop to the
synchrotron by using the pick-up from a stripline detector in
the ring. A set of two piezo-actuated cavity mirrors provide a
long stroke adjustment on the time scale of seconds and a fast
feedback with a 8 kHz frequency cut-off. The fast feedback
reacts on the fast modulations and dynamics of the electron
beam.

We employed the recently developed asynchronous
sampling in order to avoid the usage of mechanical or elec-
tronic delay lines with their sensitivity to drifts and the diffi-
culties in defining the temporal overlap. In the optical regime
this ASOPS (asynchronous optical sampling) has been
demonstrated as an extremely sensitive tool for femtosecond
spectroscopy and THz sampling (Bartels et al., 2006, 2007;
Plech et al., 2007). Inspired by this we call our approach the
optical-X-ray sampling ASOXS.

The working principle is that both sources of radiation are
detuned in frequency by a very small amount, which shifts the
mutual time delay from pulse pair to pulse pair by a tiny
increment, such that a femto- to picosecond delay between the
pulses is mapped onto a nano- to microsecond time scale of
the detection system. Therefore a detector fast enough to
resolve the beat frequency is required, which translates into
the modulation of the ultrafast delay. In practice a detuning of
10 kHz is used, which, at a pulse spacing of 2 ns, translates to
a delay shift of 40 fs or equivalently 1 ps/50 ns record length
between subsequent pulse pairs. This is easily resolved by
optical detectors and X-ray avalanche diodes.

For the feedback the fifth overtone of the signal from a laser
pick-up photodiode is frequency shifted by an analog mixer
and then compared with the related pick-up signal from the

synchrotron. The error signal is transduced via a PI (propor-
tional-integral) controller to the high-voltage amplifiers of the
piezo-actuators. A trigger signal is generated from the beat of
the two input frequencies and used to start the data acquisi-
tion interval.

The exact coincidence of both sources at the sample, with
respect to the EO crystal, is arbitrary relative to the trigger
event, but can be tuned by an electronic phase shifter or
adapted cable lengths. The jitter for this trigger is lower than
100 ns at the end of a 100 ms real-time delay span. This
amounts to less than 2 ps at maximum. The coincidence point
is then directly taken from the time-resolved data. This
procedure is common to almost all laser X-ray techniques, as
cross-correlators are difficult to implement.

A scheme of the set-up is shown in Fig. 1 for both cases of
THz sampling and time-resolved X-ray scattering.

3. THz emission

The THz electrical field can be sampled by an optical laser
pulse with duration much shorter than the THz frequency,
given that both are synchronized to better than the period.
The method of detection is the EO effect, by which the
polarization of the laser is slightly rotated within a crystal (zinc
telluride, ZnTe) when applying an electrical field, in this case
from the THz pulse. Thus a direct time-domain trace of the
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Figure 1
Schematic layout of the THz sampling (a) and the ASOXS set-up for the
asynchronous X-ray probe set-up. In the THz set-up (a) the IR beamline
part is strongly simplified. The laser beam is focused onto the ZnTe
crystal (1) between two almost crossed polarizers (2) and a half-wave
plate (4) and registered by a photo-receiver (3). A second photo-receiver
(5) monitors the laser pulse frequency, which is shifted by a frequency
mixer (6) and compared with the synchrotron pulse frequency from the
strip line. The phase difference acts as error signal for the feedback loop,
which actuates two cavity mirrors. The same loop stabilizes the laser for
the ASOXS set-up (b), while the laser excites the sample, which is probed
by the X-ray pulses and registered in an APD.

S. Ibrahimkutty et al., J. Synchrotron Rad. (2011)18
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FIG. 1. a) Global experimental arrangement. The SOLEIL storage ring is operated with many short electron bunches (209 in
the experiment). The THz coherent synchrotron radiation pulses (CSR) emitted in a bending magnet are recorded in single-shot
with picosecond resolution at the THz/IR AILES beamline, using high-sensitivity photonic time-strech electro-optics sampling.
(b) Distribution of the electron bunches charges over one turn for this experiment. The three dots indicate the electron bunches
whose CSR pulses evolutions are displayed in Figures 2 and 3. (c) photonic time stetch electro-optical sampling setup. Blue
lines: polarization-maintaining (PM) fibers (PM980). green lines lines: single mode fibers (HI1060). PBS: fibered polarizing
beam-splitter. OAPM: O↵-Axis parabolic mirror, P: polarizer, GaP: 5 mm long, [110]-cut Gallium Phosphide crystal, QWP:
quarter-wave plate, VOA: variable optical attenuator, delay: adjustable delay line. The balanced detector is an DCS-R412 from
Discovery Semiconductors. The use of the four ZnSe plates enables to enhance the setup detectivity (see text and Ref. [24]).
The polarizations of the laser and THz field are parallel and oriented along the [-110] axis of the GaP crystal (and peremptory
to the Figure plane). The QWP is adjusted at 45 degrees with respect to the laser polarization.

The experiment has been performed at the SOLEIL
storage ring in a so-called low-alpha user shift. This
mode is characterized by the operation of short bunches
(of about 5 ps RMS [26]), which emit CSR with a sta-
bility which is compatible with THz user experiments.
Moreover the 209 bunches which circulate in the stor-
age ring have typically di↵erent charges [Fig. 1(b)]. This
allows investigations as a function of bunch charge by
simply studying the emission of each individual electron
bunches, without change of the storage ring operating
conditions.

The THz CSR pulses are recorded on the AILES beam-
line, using a photonic time-stretch electro-optic sam-
pling setup, which is specially designed for high sensi-
tivity [Fig. 1(c)]. This detection system is composed
of two parts, which are partly intertwined (see also
Ref. [27] for details). The first part is a single-shot
EOS [28, 29] system based on the design developped at
SLS [19], FLASH [30] and ANKA [20], which imprints the
THz electric evolution onto the longitudinal profile of a
chirped laser pulse at 1030 nm. As a key point for reach-
ing the required high sensitivity, we follow the special
strategy recently published by Ahmed, Savolainen and
Hamm [24, 25], which consists in using balanced detec-
tion, and introducting a set of Brewster plates as shown
in Figure 1(c). In order to obtain the necessary high ac-
quisition rates, we associated this EOS setup with the
so-called photonic time stretch technique developed by
B. Jalali and coworkers [21, 31]. The chirped laser pulses

FIG. 2. Typical single-shot electro-optic sampling traces
V EOS
n (t) (corresponding to the THz CSR electric field emit-

ted by one electron bunch, at four successive turns in the
storage ring). The electron charge is 75 pC [second dot, i.e
bunch number #65 on Figure 1(b)]. For clarity, the signals
are shifted vertically by 0.1 V.

containing the THz pulse shape information are stretched
within a 2 km-long fiber [22], up to the nanosecond scale.
At the balanced photodetectors output, we thus obtain a
”replica” of CSR pulse, that is temporally magnified, by
a factor of about 200. The optical performances of the
setup are described in detail in Ref. [27]. The acquisition
window is of the order of 15 ps, and the sensitivity is of
2.5 µV/cm/

p
Hz at 300 GHz in the electro-optic crystal

(i.e., 1.25 V/cm). Since the frequency range of the CSR
pulses is typically in the 150-600 GHz range [6, 14], the

C. Evain, et al., arXiv:1607.08072 (2016)
C. Szwaj, et al., arXiv:1607.07168 (2016)

high-sensitivity photonic time-stretch 
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Classification of techniques - a try
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THz techniques
time domain

spectrograms and 
information extracted 
from them
“finger print” of instability

THz techniques
frequency domain

signature of sub-structures
single-shot acquisition of 
radiation spectrum maps 
bunch dynamics

EO techniques
far field

detect photons from emitted 
THz pulse
measure ‘wake fields’ (EOS) 
and bunch profiles (EOSD)

EO techniques
near field

directly detect bunch field
measure wake fields (EOS) 
and bunch profiles (EOSD)

✔

✔

✔

➜
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EO in the near field

22

Laser 
beam 
path

Electron beam 
direction

courtesy N. Hiller, P. Schönfeldt
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EO in the near field

22

Laser 
beam 
path

Electron beam 
direction

courtesy N. Hiller, P. Schönfeldt

new design
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EO in the near field: bunch shape dynamics

Single-shot EOSD measurements show 
dynamic sub-structures

23
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simulated phase space
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Scientific goal: develop the “ideal” detector for EOSD measurements:
High-repetition rate  single-shot resolution
Continuous data acquisition ➜ turn-by-turn monitoring over > 106 turns
Detect radiation in visible & near-infrared spectrum
Real-time data analysis ➜ FPGA / GPU heterogeneous DAQ

Main technological challenges:
Fast front-end electronics: GOTTHARD chip
High density connections (wire-bondings, transmission lines, etc.)
High-throughput DAQ system 

24

Poster M. Vogelsanget al. 
IBIC 2016, WEPG07➜

KALYPSO: KArlsruhe Linear arraY detector for 
MHz-rePetition rate SpectrOscopy 

courtesy L. Rota
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KALYPSO: KArlsruhe Linear arraY detector for 
MHz-rePetition rate SpectrOscopy 

Readout rate of commercial InGaAs spectrometers is 
limited to ~100 kHz 

25

KALYPSO: a 2.7 Mfps linear-array detector for 
visible to NIR radiaton 

PLL on PCB 

opening for  
back illumination 

DACs with  
EEPROM 

GOTTHARD 
“KIT-version” 

Hi-Flex Board 
2.7 MHz GOTTHARD 

“KIT-version” 

InGaAs 
sensor 

ADC 

Aim: 2.7 MHz 
(XFEL 5 MHz) 
Applications: 
turn-by-turn long. & 
transv. profiles

courtesy L. Rota

Poster L. Rota et al. 
IBIC 2016, WEPG46➜
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Single-shot bunch profiles with EO & KALYPSO 

Acquisition rate: 900 kHz - one image every 1 µs

26

1E+01 1E+02 1E+03 1E+04 1E+05

time span (µs)

synchrotron oscillation

courtesy P. Schönfeldt
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Single-shot bunch profiles with EO & KALYPSO 

Acquisition rate: 900 kHz - one image every 1 µs
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courtesy P. Schönfeldt

1E+01 1E+02 1E+03 1E+04 1E+05

time span (µs)

synchrotron oscillation
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Single-shot bunch profiles with EO & KALYPSO 

Acquisition rate: 900 kHz - one image every 1 µs

26

courtesy P. Schönfeldt

1E+01 1E+02 1E+03 1E+04 1E+05

time span (µs)

triggered RF phase jump at 450 µs
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Single-shot bunch profiles with EO & KALYPSO 

Acquisition rate: 900 kHz - one image every 1 µs
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courtesy P. Schönfeldt

1E+01 1E+02 1E+03 1E+04 1E+05

time span (µs)

synchrotron oscillation with phase offset
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Single-shot bunch profiles with EO & KALYPSO 

Acquisition rate: 900 kHz - one image every 1 µs

26

courtesy P. Schönfeldt

1E+01 1E+02 1E+03 1E+04 1E+05

time span (µs)

slow RF phase change
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Single-shot bunch profiles with EO & KALYPSO 

Acquisition rate: 900 kHz - one image every 1 µs
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courtesy P. Schönfeldt

1E+01 1E+02 1E+03 1E+04 1E+05

time span (µs)

triggered RF phase jump every 10 ms
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Micro-bunching measurements with KALYPSO
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Each vertical line corresponds to a single-shot profile measurement acquired at frev = 2.7 MHz
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Full dataset 

Zoom-in on 5k turns 

500000 turns

detail: development of sub-structures
courtesy L. Rota

ANKA
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Micro-bunching measurements with KALYPSO

Synchronous measurements with KALYPSO and KAPTURE
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courtesy L. Rota
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Summary

29

Micro-bunching measurement techniques allow to study the complex 
and nonlinear dynamics in longitudinal phase space

 Observation of, e.g., 
longitudinal bunch profiles [“direct”] 
emitted (coherent) radiation [“indirect”]

 Diagnostics requirements: 
high resolution (ps) - high rate (500 MHz) - long term observation (secs - hrs)

Recent developments based on:

Next steps?
combination of methods?

THz techniques
time domain

THz techniques
frequency domain

EO techniques
far field

EO techniques
near field
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